p -Nitrophenylcarbamyl -phenylalanyltRNA binds to ribosomes in response to poly(U) and reacts with tibosomal proteins via covalent bond formation.
Knowledge of the topography of the ribosomal components and of the ribosomal binding sites for tRNA and translational factors is required for the development of a molecular model or ribosomal function. Several approaches have been utilized to unravel these relationships. Some information on the spatial arrangement of ribosomal RNA and proteins has come from renaturatidn experiments and from studies of specific complexes between ribosomal RNAs and proteins (1, 2) . More recently, several groups have described bifunctional reagents for cross-linking ribosomal proteins located in adjacent positions (3) (4) (5) . Determination of the niucleotide sequence of the messenger RNA fragment protected by the ribosome against ribonu~clease digestion has been employed to locate the site of condon-anticodon recognition within the ribosome (6, 7) . Recently, analogues of antibiotics have been employed as affinity labels for ribosomal proteins (8) .
A different approach to identify ribosomal proteins at the tRNA binding sites has been taken by Pellegiini et al. (9) and by Czernilofsky and Kuechler (10) . In both these studies, derivatives of aminoacyl-tRNA carrying reactive side groups attached to the aminoacyl moiety were synthesized as affinity labels for the ribosome. Reaction "of the affinity label resulted in the formation of a covalent bond between the tRNA derivative atnd ribosomal proteins. Following digestion of tRNA by ribonuclease the labeled proteins were partially characterized by one-dimensional polyacrylamide gel electrophoresis.
Pellegrini et al. (9) reported that bromoacetylphenylalanyltRNA reacts with only one ribosomal protein on the 50S subunit. In contrast, p-nitrophenylcarbamyl-phenylalanyltRNA used by our group was shown to label at least two 50S ribosomal proteins (10) . However, due to the limited resolution of the one-dimensional gels the labeled proteins could not be unambiguously identified.
In the present investigation the labeled ribosomal proteins were characterized by two-dimensional polyacrylamide gel electrophoresis and by specific antigen-antibody reaction with antibodies directed against individual ribosomal pro- (10) with the affinity label p-nitrophenylcarbamyl-phenylalanyl-tRNA have demonstrated that the formation of a covalent bond between the tRNA derivative and ribosomal protein is completely dependent on the presence of poly(U). In order to obtain further evidence for specific labeling at the active center of the ribosome, the influence of puromycin known to act at the peptidyltransferase was investigated.
Ribosomes were reacted with the affinity label in the presence of puromycin. The effects on the labeling of total 50S proteins are shown in Table 1 . Puromycin at 0.8 mM concentration inhibits the reaction by 52%. Raising the puromycin concentration to 4 mM increases the inhibition to 64%.
Analysis of Two-Dimensional Gels. For purposes of identification, the labeled proteins were subjected to two-dimensional polyacrylamide gel electrophoresis (Fig. 1) . Protein spots stained with amidoblack were removed and the radioactivity determined ( Fig. 2 , solid bars). It can be seen that most of the radioactivity occurs in the spots corresponding to proteins L27 and L16 and in the region of proteins L13-L1-L15, which are not readily enough separated to allow a discrimination of the radioactivity within the stained spots from the radioactivity in the surrounding area ( Fig. 1, insert) . Other protein spots contain only small amounts of radioactivity.
In order to check for radioactivity outside of the stained protein spots, adjacent areas were cut into four equal sections as indicated by the grid on the insert in Fig. 1 (for explanation, see below). The distribution of radioactivity between the The reaction mixture (total volume 0.75 ml) contained 0.02 mg of p-nitrophenylcarbamyl-[3H]phenylalanyl-tRNA, 1.6 mg of E. coli ribosomes, 0.1 mg of poly(U) in buffer E, and puromycin as indicated. Incubation, fractionation of ribosomal subunits on sucrose gradients, digestion by ribonuclease, and precipitation with trichloroacetic acid were carried out as described previously (10) . The radioactivity represents total precipitable material in the 50S region of the sucrose gradient. The insert shows the grid used to remove sections from the gel. The radioactivity in each of the protein spots L2, L16, and L27 and in sections around each spot designated I, II, III, and IV is given in Table 2 . Stained protein spots not numbered are occurring independently of the affinity label and have been shown to correspond to nonribosomal proteins (24) . No radioactivity was found in these unnumbered spots and in that part of the gel which does not contain stained spots. stained spots and their adjacent regions is illustrated in Table   2 . Most of the radioactivity in the region of L27 is in fact not found within the stained spot but in section I. A small amount of radioactivity is also recovered in section III. In contrast, sections II and IV show only background radioactivity. The distribution of radioactivity in the region of L16 is very similar ( Table 2 ). This displacement of the labeled protein relative to the unlabeled protein is to be expected as a result of the alteration in the charge caused by the affinity label (see Discussion). We have therefore added the radioactivity recovered in sections I and III (Fig. 2, open bars) to the radioactivity found in the respective stained protein spots (Fig. 2, solid bars) . All other protein spots and the areas surrounding them were cut out according to the same grid. It should be emphasized that all radioactivity recovered from the two-dimensional gel can be accounted for in the manner shown in Figs. 1 and 2 . For reasons so far not explainable, there is a higher amount of radioactivity in the sections I and III corresponding to proteins L2 and the L32-L33 region, respectively (Fig. 2, open bars) . (Fig. 3) . The absorbance at 280 nm represents 7S immunoglobulin and serves as a sedimentation marker. As illustrated in Fig. 3 Pre-immune 45 8,365 with the binding of N-acetylphenylalanyl-tRNA at high Mg concentration, the affinity label would be expected to bind equally well to the donor-and the acceptor-site on the ribosome (16) .
According to Savelyev et al. (17) puromycin reacts with ureido-derivatives of p-nitrophenylcarbamyl-phenylalanyltRNA bound to the donor-site of the ribosome. Puromycin is therefore expected to decrease labeling of donor-site proteins by reacting with the affinity label before covalent attachment to a ribosomal protein can occur. Labeling of acceptor-site proteins, on the other hand, might also be inhibited by direct competition for the same ribosomal site between puromycin and the terminal aminoacyladenosin of the affinity label (18) . Therefore, the use of puromycin does not allow discrimination between labeling of proteins at the donor-site and at the acceptor-site. Nevertheless, the inhibition of labeling observed in the presence of puromycin supports our previous suggestion that the labeled proteins are part of the peptidyltransferase center. Further experiments employing different antibiotics should help to distinguish between labeling of proteins at the donor-site and at the acceptor-site.
Binding of the phenylalanyl-oligonucleotide fragment obtained from phenylalanyl-tRNA to ribosomes is reduced when the amino-group of phenylalanine is acylated (19) . This indicates that the free amino-group of the amino acid contributes to the binding of aminoacyl-tRNA. In the case of p-nitrophenylcarbamyl-phenylalanyl-tRNA the reactive side group is attached to the amino-group of phenylalaninie. Even though the tRNA derivative is bound specifically by codon-anticodon interaction, the aminoacyl moiety-at a distance of 82 A from the anticodon (20)-might not be fixed to any one protein. This would allow for some mobility of the aminoacylterminus of tRNA which would in turn permit the affinity label to react with several proteins in the environment of its binding site. The extent of labeling would then be determined by the three-dimensional arrangement of the proteins around the active center and by the availability of reactive groups. Heterogeneity of ribosomes with regard to the number of proteins attached and differences in ribosomal conformation may also influence the labeling patterns.
The affinity label reacts primarily with amino-groups, most likely with c-amino-groups of lysine (10 The loss of positive charge results in a decreased electrophoretic migration towards the cathode which causes a slight shift in the position of the labeled protein compared to that of the unlabeled protein in the two-dimensional gel pattern (Fig. 1) . From the specific activity of the labeled 50S protein it can be calculated that only one out of 250 to 300 ribosomes reacts with the affinity label. It is, therefore, impossible to detect the shift of the modified proteins in the stained pattern.
A shift caused by a difference of one positive charge is also observed in the case of proteins L7 and L12, which differ only by one acetyl-group on the N-terminal serine (Fig. 1, ref.   21 ). Since the a-amino-group of a seryl peptide is largely uncharged at pH 8.6 (the pH of the buffer for the first dimension), no separation of L7 and L12 occurs in the first dimension of the gel. Separation is observed only in the second dimension at pH 4.3. Because of the high pKa value of the c-amino-group of lysine (pK 9-10), acylation of one lysine residue should express itself as a change in electrophoretic mobility in the first and the second dimension. As shown in Table 2 , the radioactively labeled protein indeed migrates slightly more slowly than the unlabeled protein in both directions. Therefore, labeled proteins such as L13, L14, and L15, which have similar electrophoretic mobility, cannot be unambiguously identified by the two-dimensional gel technique.
This obstacle is circumvented by the use of an immunological assay. Under conditions of antibody excess, antigenic sites are saturated and precipitation is largely prevented. Most ribosomal proteins have small molecular weights. The attachment of immunoglobulin molecules results in the formation of complexes which sediment rapidly and can be separated from the bulk of labeled ribosomal proteins on sucrose gradients.
Although the antigen-antibody complexes are formed under conditions of antibody excess, the equilibrium is shifted towards dissociation as soon as the complexes enter into the sucrose gradient. Dissociation is further enhanced by the presence of urea in the buffer. This most certainly accounts for the fact that the sum of radioactive protein shifted by the antibodies does not add up to the total amount of radioactive material layered on to the gradient. Nevertheless, a good correspondence is observed between the results of the "antibodyshift" experiments (Table 3 ) and the pattern obtained by twodimensional polyacrylamide gel electrophoresis (Fig. 2 ).
However, it should be emphasized that the amount of radioactive protein shifted on the sucrose gradient also depends on the binding constant of the particular antibody. This introduces a slight variance which does not allow an exact quantitative comparison of the results obtained by the two techniques. Little is known so far about the functions of the ribosomal proteins labeled in this experiment. Protein L16 has been identified as the protein important for the binding of chloramphenicol (8, 22, 23) . L16 is also labeled in our experiments 
